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Abstract
The paper suggests a left–right mirror symmetric model to account for the baryogenesis and asymmetric 
dark matter. The model can simultaneously accommodate the standard model, neutrino physics, matter–
antimatter asymmetry and dark matter. In particular, it naturally and elegantly explains the origin of the 
baryon and dark matter asymmetries, and clearly gives the close interrelations of them. In addition, the 
model predicts a number of interesting results, e.g. that the cold dark matter neutrino mass is 3.1 times the 
proton mass. It is also feasible and promising to test the model in future experiments.
© 2014 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction
The standard model (SM) has been evidenced to be a very successful theory at the electroweak 
energy scale. The precise tests for the SM physics have established plenty of knowledge about 
the elementary particles [1,2]. Nevertheless, at present there are a number of unsolved issues 
in the particle physics and universe observations [3,4], which are not able to be accounted by 
the SM. The issues in flavor physics are the two facts, i) the mass spectrum hierarchy of the 
quarks and charged leptons [5], ii) the distinct difference between the quark flavor mixing pat-
tern and the lepton one [6]. The neutrino physics has to answer such questions as the real origin 
of the sub-eV neutrino masses [7]. Whether the nature of the light neutrinos is Dirac or Majorana
E-mail address: wmyang@ustc.edu.cn.http://dx.doi.org/10.1016/j.nuclphysb.2014.06.002
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506 W.-M. Yang / Nuclear Physics B 885 (2014) 505–523fermions [8]? Is the CP violation in the lepton mixing vanishing or not [9]? However, the issues in 
the cosmology are more difficult. What is real mechanism of the genesis of the matter–antimatter 
asymmetry [10]? What is the nature of the cold dark matter [11]? The current universe obser-
vations have given the data of the baryon asymmetry and the relic abundance of the cold dark 
matter as follows [1],
ηB = nB − nB
nγ
≈ 6.15 × 10−10, ΩD
ΩB
≈ 5. (1)
In particular, the two issues about the baryogenesis and dark matter are very significant for both 
particle physics and cosmology, so they attract great attentions in the experiment and theory 
fields all the time [12].
Various theoretical suggestions have been proposed to solve the above-mentioned problems 
[13]. The baryogenesis can be achieved by the electroweak baryogenesis [14], the leptogene-
sis [15], the Dirac leptogenesis [16], and so on. The cold dark matter candidates are possible the 
scalar boson dark matter [17], the sterile neutrino dark matter [18], the supersymmetric dark mat-
ter [19], and so on [20]. The asymmetric dark matter is a well-motivated idea since it is in relation 
to the baryon asymmetry [21]. The mirror symmetric models have been studied in Refs. [22]. The 
ideas of building asymmetric dark matter models using the mirror symmetric setup have been dis-
cussed in the literature. A complete realization has recently been given by [23]. On the basis of 
the unity of nature, a realistic theory beyond the SM should simultaneously accommodate and 
account for the neutrino physics, baryon asymmetry and dark matter besides the SM, in other 
words, it has to integrate the four things completely. Refs. [24] have provided valid and complete 
solutions to the common origin of matter and dark matter. It can realize leptogenesis for baryon 
asymmetry, neutrino mass-generations and mixings via type-I seesaw, and resolve domain wall 
problem of spontaneous mirror parity breaking, furthermore, it predicted LHC Higgs signals. 
This direction and ideas could be valid toward the ultimate solutions. However, it is especially 
hard for a model construction to keep the principle of the simplicity, feasibility and the fewer 
number of parameters, otherwise, the theory will be excessive complexity and incredible or in-
feasibility. Therefore it is still a large challenge for theoretical particle physicists to realize the 
purpose [25].
In this work, I construct a simple and feasible particle model. It can simultaneously ac-
commodate the SM, neutrino physics, matter–antimatter asymmetry and dark matter. The 
model extends the SM to a left–right mirror symmetry theory. It has the local gauge groups 
SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗U(1)Y and global symmetry U(1)B+B˜ ⊗U(1)L ⊗U(1)L˜ where 
B˜ and L˜ are respectively the mirror baryon and lepton numbers. In addition, the model has the 
left–right mirror symmetry and a Z2 discrete symmetry. Besides the SM particles, the model 
introduces the corresponding mirror particles. The model symmetries are spontaneously broken 
step by step at different energy scale as the universe temperature decreasing. In the model, the 
super-heavy scalar boson can decay into the SM right-handed quarks and the left-handed mirror 
quarks. The decay processes are out-of-equilibrium and CP violation. The CP-violating source 
lies in the explicit mirror breaking coupling in the Yukawa sector. This eventually leads to both 
the baryon asymmetry and the mirror neutrino asymmetry through the two steps of the sphaleron 
processes [26]. The lightest mirror neutrino, which is a Dirac neutrino with the GeV mass, is 
exactly the cold dark matter. The model can not only completely accommodate the SM and neu-
trino physics, but also correctly reproduce the observed value of the baryon asymmetry and the 
relic abundance of the cold dark matter. In particular, the model predicts some interesting results, 
for example, the cold dark matter asymmetry is 1.6 times the baryon asymmetry, its mass is 3.1
W.-M. Yang / Nuclear Physics B 885 (2014) 505–523 507times the proton mass, and so on. Finally, the model is feasible and promising to be tested in 
future experiments. I give some methods of searching some of the new particles at the colliders.
The remainder of this paper is organized as follows. In Section 2, I outline the model. In 
Section 3, I discuss the matter–antimatter asymmetry and dark matter. The numerical results and 
the experimental searches are given in Section 4. Section 5 is devoted to conclusions.
2. Model
The gauge symmetries of the model are characterized by the local and global gauge groups as 
follows,
Local gauge groups: SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗U(1)Y ,
Global gauge groups: U(1)B+B˜ ⊗U(1)L ⊗U(1)L˜, (2)
where B˜ and L˜ respectively indicate the baryon and lepton number of the mirror particles. The 
gauge groups have evidently a left–right mirror symmetry. The model particle contents and their 
gauge quantum numbers are in detail listed as follows,
Gaμ(8,1,1,0), W iLμ(1,3,1,0), W
i
Rμ(1,1,3,0), Bμ(1,1,1,1),
qL
(
3,2,1,
1
3
)
, q˜R
(
3,1,2,
1
3
)
, (uR, u˜L)
(
3,1,1,
4
3
)
, (dR, d˜L)
(
3,1,1,−2
3
)
,
lL(1,2,1,−1), l˜R(1,1,2,−1), (νR, ν˜L)(1,1,1,0), (eR, e˜L)(1,1,1,−2),
HL(1,2,1,1), HR(1,1,2,1), S(1,1,1,0)L=−2, S˜(1,1,1,0)L˜=−2,
φ±(1,1,1,±2), φ0(1,1,1,0). (3)
These notations are self-explanatory. All kinds of the fermions imply three generations as usual. 
νR and ν˜L are singlet neutrinos. S and S˜ are complex singlet bosons with the lepton number 
(−2). φ± and φ0 are super-heavy bosons, moreover, φ0 is a real scalar.
In addition to the above-mentioned gauge symmetries, the model has an attractive left–right 
mirror symmetry and a Z2 discrete symmetry. They are defined by the field transforms as follows,
SM sector: qL,uR, dR, lL, νR, eR, HL,S,φ±, φ0, WLμ,Gμ,Bμ.
  
Mirror sector: q˜R, u˜L, d˜L, l˜R, ν˜L, e˜L, HR, S˜, φ±, φ0, WRμ,Gμ,Bμ.
Z2 parity is “+1” for f,HL,HR,S, S˜ and all the gauge bosons.
Z2 parity is “−1” for f˜ , φ±, φ0. (4)
Here the so-called “SM sector” not only contains all the SM particles but also it introduces
the non-SM particles as νR, S. For the four particles, φ±, φ0, Gμ, Bμ, their mirror particles are 
exactly themselves, so they are actually shared in the two sectors. The gauge and discrete sym-
metries will be broken step by step at different energy scales in the evolution of the universe.
On the basic of the above symmetries, the model Lagrangian is composed of the following 
three parts. Firstly, the gauge kinetic energy terms are
LGauge =Lpure gauge +
∑
f
if γ μDμf +
∑
f˜
if˜ γ μDμf˜
+ (DμHL)†(DμHL)+ (DμHR)†(DμHR)+ (∂μS)†∂μS + (∂μS˜ )†∂μS˜
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where f and f˜ denote the SM and mirror fermions in (4), respectively. The covariant derivative 
Dμ is given by
Dμ = ∂μ + i
(
gsG
a
μ
λa
2
+ gwWiLμ
τ iL
2
+ gwWiRμ
τ iR
2
+ gYBμQY2
)
, (6)
where gs, gw, gY are three gauge coupling constants, λa and τ i are respectively Gell-Mann and 
Pauli matrices, and QY is the charge operator of U(1)Y .
Secondly, the model Yukawa couplings are
LYukawa = qLH ′LYuuR + qLHLYddR + lLHLYeeR + lLH ′LYννR + Sν TR CYmνR
+ q˜RH ′RYuu˜L + q˜RHRYd d˜L + l˜RHRYee˜L + l˜RH ′RYνν˜L + S˜ν˜ TL CYmν˜L
+ φ+uRY0d˜L + φ+u˜LY ∗0 dR + φ0uRY1u˜L + φ0dRY2d˜L + h.c., (7)
where H ′L/R = iτ2H ∗L/R and C is a charge conjugation matrix. Obviously, the parameter freedom 
is greatly reduced owing to the mirror symmetry. The couplings, Yu, Yd , etc., are 3 × 3 complex 
matrices but Y1, Y2 are Hermitian matrices. In any case, I can always choose such a set of flavor 
basic that Ye, Ym, Y1, Y2 are all diagonal matrices and the others are all non-diagonal. The cou-
pling matrices should originate from family symmetry breaking, however, they bring about flavor 
mixings. In addition, the irremovable complex phases in the couplings become sources of the CP
violation. In particular, the irremovable complex phase in Y0 is also a source of the mirror sym-
metry breaking, explicitly, the mirror symmetry is broken for Y0 = Y ∗0 . It should also be noted 
that the Z2 symmetry in (4) forbids the direct mass terms as uRMu˜L and dRM ′d˜L. The Yukawa 
couplings of (7) will lead to reasonable explanations for the neutrino masses, matter–antimatter 
asymmetry and cold dark matter.
Thirdly, the model scalar potential is given by
VScalar = λH
(
H
†
LHL −
v2L
2
+ μ0vφ
2λH
)2
+ λH
(
H
†
RHR −
v2R
2
+ μ0vφ
2λH
)2
+ λS
(
S†S − v
2
s
2
)2
+ λS
(
S˜†S˜
)2
+ λφ0
4
(
φ02 − v2φ +
M2
φ0
λφ0
)2
+ λφ±
(
φ+φ− +
M2
φ±
2λφ±
)2
−μ0φ0
(
H
†
LHL +H †RHR
)+ other weak coupling terms. (8)
The self-coupling parameters, λH , λS, λφ0, λφ± , are positive and should be ∼0.1. μ0 is a positive 
coupling parameter with mass dimension, explicitly, the Z2 discrete symmetry is broken by the 
μ0 term. The other interactive couplings should be sufficient weak. vL, vR, vs, vφ are respec-
tively the VEVs of the corresponding scalar fields, but S˜ and φ± have vanishing VEVs, see the 
following equation (9). Mφ0 and Mφ± are respectively the super-heavy masses of φ0 and φ±, 
which are ∼ 1010 GeV. It can clearly be seen from (8) that vL = vR = 0 will spontaneously 
break the local gauge symmetries, while vs = 0 will spontaneously break the global gauge sym-
metry U(1)L, but U(1)L˜ is unbroken due to v˜s = 0. Obviously, the gauge symmetry breakings 
simultaneously trigger the spontaneous breaking of the mirror symmetry. After the local gauge 
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model scalar sector undertakes and implements the gauge and discrete symmetry breakings. It is 
more varied and interesting in comparison with the SM or MSSM Higgs sector [27].
The potential vacuum configurations and the scalar boson masses are derived by the standard 
program. The detailed results are as follows,
〈HL〉 = vL√
2
, 〈HR〉 = vR√
2
, 〈S〉 = vs√
2
,
〈
φ0
〉= vφ = μ0(v2L + v2R)2M2
φ0
, 〈S˜〉 = 〈φ±〉= 0,
M2HL = 2λHv2L +μ0vφ, M2HR = 2λHv2R +μ0vφ,
M2SR = 2λSv2s , MSI = MS˜ = 0, (9)
where SR and SI are respectively real and imaginary components of S. There are three mas-
sive neutral bosons H 0R, H
0
L, SR , while SI and S˜ become massless Goldstone bosons. Some 
parameters in (9) are estimated as vR ∼ 108, vL ∼ 246, vs ∼ 100, μ0 ∼ 103 (all are in GeV 
as unit), vφ ∼ 0.1 GeV is not an independent parameter since Mφ0 is regarded to be inde-
pendent. This hierarchy of the VEVs clearly shows the symmetry breaking sequence. First of 
all, SU(2)R ⊗ U(1)Y is spontaneously broken down U(1)Y ′ which is namely the hypercharge 
subgroup of the SM. This is achieved by the neutral component H 0R developing vR . Secondly, 
SU(2)L ⊗U(1)Y ′ → U(1)em, i.e. the electroweak breaking. This is accomplished by the neutral 
component H 0L developing vL. Lastly, the real component SR developing vs completes the U(1)L
breaking, whereas the U(1)L˜ symmetry is maintained and unbroken all the time. At present 
days, MHL has been measured as 125 GeV at the LHC [28]. The model predicts that MHR is 
∼ 108 GeV, MSR is scores of GeVs, and the Goldstone bosons SI and ˜S are actually a species of 
hot dark matter. However, the other bosons remain to be searched in future experiments.
In the gauge sector, the local gauge symmetry breakings result in masses and mixings of the 
gauge fields through the Higgs mechanism. The detailed expressions are as follows,
gw
(
WiLμ
τ iL
2
+WiRμ
τ iR
2
)
+ gYBμQY2 −→
gw√
2
(
W+Lμτ
+
L +W−Lμτ−L +W+Rμτ+R +W−Rμτ−R
)+ gw(ZμQw + Z˜μQ˜w)+ eAμQe,
tan θ˜ = gY
gw
, tan θW = sin θ˜ , e = gw sin θW ,
Qe = IL3 + IR3 +
QY
2
, Qw = I
L
3 − sin2 θWQe
cos θW
, Q˜w = I
R
3 − sin2 θ˜ (Qe − IL3 )
cos θ˜
,⎛⎝AμZμ
Z˜μ
⎞⎠= ( cos θ sin θ 0− sin θ cos θ 0
0 0 1
)⎛⎝ cos θ˜ 0 sin θ˜0 1 0
− sin θ˜ 0 cos θ˜
⎞⎠⎛⎝ BμW 3Lμ
W 3Rμ
⎞⎠ ,
MWL =
gwvL
2
, MWR =
gwvR
2
, MZ = MWL
cos θW
,
MZ˜ =
MWR , MAμ = 0. (10)
cos θ˜
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the SU(2)R breaking, while θW is a mixing angle for the SU(2)L breaking. The two angles are 
correlated by that equation in (10). The SM hypercharge is Q
′
Y
2 = IR3 + QY2 . Qw and Q˜w are two 
charge operators associated with the two massive neutral gauge fields Zμ and Z˜μ, respectively. It 
should be pointed out that the mixing angle between Zμ and Z˜μ is ∼ v
2
L cos θ˜ tan
2 θW
v2R cos θW
, it is so small 
that it can be ignored. For vR ∼ 108 GeV, MWR and MZ˜ are ∼ 107 GeV. They are too heavy to 
be detected at present.
In the Yukawa sector, the fermion masses and mixings are given as follows,
LMass = (uL, u˜L)
( vL√
2
Yu 0
vφY
†
1
vR√
2
Y
†
u
)(
uR
u˜R
)
+ (dL, d˜L)
( vL√
2
Yd 0
vφY
†
2
vR√
2
Y
†
d
)(
dR
d˜R
)
+ (eL, e˜L)
( vL√
2
Ye 0
0 vR√
2
Y
†
e
)(
eR
e˜R
)
+ (νL, ν˜L)
( vL√
2
Yν 0
0 vR√
2
Y †ν
)(
νR
ν˜R
)
+ 1
2
ν TR C(
√
2vsYm)νR,
the mixing angle of uR and u˜R (dR and d˜R) is ∼ vφY1
vRYu
(
vφY2
vRYd
)
 1,
the mixing angle of uL and u˜L (dL and d˜L) is ∼ vLvφY1
v2RYu
(
vLvφY2
v2RYd
)
≈ 0,
Mf=u,d,e,ν = − vL√
2
Yf = UfLdiag(mf1 ,mf2 ,mf3)U†fR ,
Mf˜=u˜,d˜ ,˜e,˜ν = −
vR√
2
Y
†
f =
vR
vL
M
†
f ,
MνR = −
√
2vsYm, MeffνL = −MνM−1νR MTν = U effνL diag(mνL1 ,mνL2 ,mνL3)U eff TνL ,
UCKM = U†uLUdL, UPMNS = U†eLU effνL ,
U˜CKM = U†u˜RUd˜R = UCKM, U˜PMNS = U†e˜RUν˜R = UPMNS. (11)
By virtue of the small mixing of uR and u˜R (dR and d˜R), the mirror quarks can oscillate into 
the SM quarks. This plays key roles in the following baryogenesis. As a result of the U(1)L
breaking, νR obtains a Majorana mass about a dozen GeV, it becomes a heavy Majorana neutrino 
undetected by now. For Yν ∼ 10−7, νL is generated an effective Majorana mass through the 
seesaw mechanism [29], it is exactly sub-eV Majorana neutrino in nature. By contrast, the mirror 
neutrino ˜ν has only a Dirac mass due to U(1)L˜ being unbroken, so it is actually a Dirac neutrino. 
The ˜ν masses are several to dozens of GeVs, in particular, the lightest mirror neutrino ˜ν1 becomes 
the cold dark matter. This distinction between the L sector and the L˜ one also leads to U˜PMNS =
UPMNS. The flavor mixing matrices UCKM and UPMNS are respectively defined by [30,31]. The 
mixing angles and CP-violating phases in the two unitary matrices are parameterized by the 
standard form in particle data group [1].
In conclusion, the above contents form the theoretical framework of the model. In brief, the 
model extends the SM to the left–right mirror symmetrical theory. The new symmetries and 
non-SM particles will play key roles in the new physics beyond the SM, in particular, in the 
origin of matter–antimatter asymmetry and cold dark matter.
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asymmetry.
3. Baryogenesis and asymmetric dark matter
The baryogenesis and asymmetric dark matter have a common origin in the model, so the two 
things have a close relationship. As the universe expansion and cooling, the model symmetries 
are spontaneously broken and reduced step by step. In the evolution process, the baryogenesis 
and asymmetric dark matter will naturally be generated by the following mechanism.
After the universe inflation, the universe reheating temperature is in general ∼ 1012–13 GeV
for most of the inflation models [32]. In the reheated universe, thus there is an immense amount 
of the super-heavy scalar boson φ0 which has by nature a mass about 1010 GeV. In the light 
of (7) and (8), the decay channels of φ0 include φ0 → (uR + u˜L)/(dR + d˜L) and φ0 → (HL +
H
†
L)/(HR + H †R), but the main decay are actually the former modes and their CP conjugate 
processes, as shown in Fig. 1. For the couplings Y1,2 ∼ 10−4, the decay rates are far smaller than 
the Hubble expansion rate of the universe, namely
Γ
(
φ0 → uR + u˜L/dR + d˜L
) = Mφ0Tr(YiY †i )
16π
 H(T = Mφ0) =
1.66√g∗M2φ0
Mpl
, (12)
where i = 1, 2, Mpl = 1.22 × 1019 GeV, g∗ is an effective number of relativistic degrees of 
freedom at T = Mφ0 . At this temperature, the non-relativistic particles are only φ0 and φ± in 
the model, the rest of the model particles are all relativistic states, so one can easily figure out 
g∗ = 210. Consequently, the φ0 decays are actually out-of-equilibrium processes.
The complex phase in the coupling Y0 is explicitly a source of the CP violation and mirror 
symmetry breaking. It can surely lead to CP asymmetries of the decays by the interference be-
tween the tree diagram and the loop one. The CP asymmetries are defined and calculated as 
follows,
Γtotal
(
φ0
)= Γ (φ0 → uR + u˜L)+ Γ (φ0 → uR + u˜L)
+ Γ (φ0 → dR + d˜L)+ Γ (φ0 → dR + d˜L)
+ Γ (φ0 → HL +H †L)+ Γ (φ0 → HR +H †R),
Γ (φ0 → uR + u˜L)− Γ (φ0 → uR + u˜L)
Γtotal(φ0)
= −Im[TrY0Y
†
2 Y
T
0 Y
†
1 ]f (x)
8π
(
Tr[Y1Y †1 + Y2Y †2 ] + μ
2
0
M2
) = ε,
φ0
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Γtotal(φ0)
= ε,
f (x) = 1 + 2x − 2(x + x2) ln(1 + 1
x
)
, x =
M2
φ±
M2
φ0
. (13)
For μ0 ∼ 103 GeV, μ0M
φ0
 Y1,2 ∼ 10−4, so the last two decays can indeed be ignored. The 
second asymmetry has the same result as the first one. In short, the decays of φ0 satisfy two 
items of Sakharov’s three conditions [33], namely CP violation and out-of-equilibrium.
In the above decays of φ0, the total baryon number B + B˜ is undoubtedly conserved, but the 
CP violation and out-of-equilibrium surely lead to the respective baryon number asymmetries in 
the B and B˜ sectors as follows,
BuR =
(
3 × 1
3
) Nf∑
i
nuRi − nuRi
s
= κ ε
g∗
,
B˜u˜L =
(
3 × 1
3
) Nf∑
i
nu˜Li − nu˜Li
s
= −κ ε
g∗
,
BdR =
(
3 × 1
3
) Nf∑
i
ndRi − ndRi
s
= κ ε
g∗
,
B˜d˜L =
(
3 × 1
3
) Nf∑
i
nd˜Li − nd˜Li
s
= −κ ε
g∗
, (14)
where Nf is the fermion generation number, s is entropy density, and κ is a dilution factor. For a 
very weak decay, it is serious departure from thermal equilibrium, so one can approximate κ ≈ 1. 
Note that the asymmetries do not depend on the universe temperature in the comoving volume. 
Obviously, the B and B˜ asymmetries have the same size but opposite sign, so the total baryon 
number asymmetry of the universe is still vanishing. After φ0 decaying and decoupling, the B
and B˜ sectors are out of connection and separated from each other. The B and B˜ asymmetries will 
remain in the respective sectors. For |Y0| ∼ 10−3 and its complex phase ∼ 0.1π , the equations 
of (13) and (14) can correctly give a satisfied baryon asymmetry.
Things happened next are the sphaleron processes [34]. In the temperature area of vR < T <
Mφ0 , the gauge symmetries are yet unbroken and the mirror symmetry is kept well. In the SM 
and mirror sector, the baryon and lepton current anomaly and the relevant charge conversion are 
collected as follows,
CL = Nf32π2 g
2
wW
i
LμνW˜
iμν
L , CR =
Nf
32π2
g2wW
i
RμνW˜
iμν
R ,
CY = Nf32π2 g
2
YBμνB˜
μν,
JBμ =
Nf∑
i
(qLiγμqLi + uRiγμuRi + dRiγμdRi),
J B˜μ =
Nf∑
(˜qRiγμq˜Ri + u˜Liγμu˜Li + d˜Liγμd˜Li),
i
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Nf∑
i
(lLiγμlLi + eRiγμeRi + νRiγμνRi)+
(
2iS†∂μS + h.c.
)
,
J L˜μ =
Nf∑
i
(˜lRiγμ˜lRi + e˜Liγμe˜Li + ν˜Liγμν˜Li)+
(
2iS˜†∂μS˜ + h.c.
)
,
∂μJBμ = −CL +CY , ∂μJ B˜μ = CR −CY ,
∂μJLμ = −CL +CY , ∂μJ L˜μ = CR −CY ⇒
(B + B˜) = (L+ L˜) = 0, (B −L) = (B˜ − L˜) = 0. (15)
In view of the left–right mirror symmetry, the sphaleron transitions for SU(2)L and SU(2)R
are completed in parallel ways. The only difference is the opposite initial asymmetries in the 
two sectors which are provided by (14). When the universe temperature decreases to T = vR , 
SU(2)R is broken and the mirror sphaleron process is stopped. Therefore, the baryon and lepton 
asymmetries at T = vR are obtained as follows,
(B −L)T=vR = (B −L)T=Mφ0 = (BuR +BdR)T=Mφ0 = 2κ
ε
g∗
,
(B˜ − L˜)T=vR = (B˜ − L˜)T=Mφ0 = (B˜u˜L + B˜d˜L)T=Mφ0 = −2κ
ε
g∗
,
BT=vR = csp(B −L)T=vR , B˜T=vR = csp(B˜ − L˜)T=vR = −BT=vR ,
LT=vR = (csp − 1)(B −L)T=vR , L˜T=vR = (csp − 1)(B˜ − L˜)T=vR = −LT=vR ,
csp =
2N2f +Nf
8N2f + 24Nf + 6
= 7
50
(for Nf = 3), (16)
where csp is a coefficient of the sphaleron conversion, (16) is in detail derived in Appendix A.
Below the vR scale, SU(2)L ⊗ SU(2)R ⊗U(1)Y → SU(2)L ⊗U(1)Y ′ , and the left–right mir-
ror symmetry is also lost. Accordingly, the right-handed doublets q˜R and ˜lR are spontaneously 
decomposed into the uncorrelated states u˜R, ˜dR and ˜νR, ˜eR , and the right-handed anomaly CR
disappears as well. The B sector and the B˜ one are now connected by virtue of the mixings of uR
and ˜uR as well as dR and d˜R , but the L sector and the L˜ one are still separated, see (11). In the 
temperature area of vL < T < vR , only the sphaleron transition for SU(2)L goes on. The baryon 
and lepton current anomaly and the relevant charge conversion are now changed as follows,
J B˜μ =
Nf∑
i
(˜uRiγμu˜Ri + d˜Riγμd˜Ri + u˜Liγμu˜Li + d˜Liγμd˜Li),
J L˜μ =
Nf∑
i
( ν˜Riγμν˜Ri + e˜Riγμe˜Ri + e˜Liγμe˜Li + ν˜Liγμν˜Li)+
(
2iS˜†∂μS˜ + h.c.
)
,
∂μJBμ = −CL +CY +
[
ivφ(uRY1u˜L + dRY2d˜L)+ h.c.
]
, ∂μJLμ = −CL +CY ,
∂μJ B˜μ = −ivφ(uRY1u˜L + dRY2d˜L)+ h.c., ∂μJ L˜μ = 0 ⇒
(B + B˜ −L) = L˜ = 0. (17)
It can be seen from (17) that the mirror baryons have joined the SM sector, so two new separate 
sectors are now the B + B˜ − L sector and the L˜ one. When the energy scale decreases to vL, 
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baryon and lepton asymmetries evolve into the below results,
(B + B˜ −L)T=vL = (B + B˜ −L)T=vR = −LT=vR , L˜T=vL = L˜T=vR = −LT=vR ,
(B + B˜)T=vL = c′sp(B + B˜ −L)T=vL, LT=vL =
(
c′sp − 1
)
(B + B˜ −L)T=vL,
(L˜e˜)T=vL = 0, (L˜ν˜ )T=vL = c˜spL˜T=vL, (L˜S˜)T=vL = (1 − c˜sp)L˜T=vL,
c′sp =
10N2f + 2Nf
25N2f + 45Nf + 6
= 16
61
(for Nf = 3), c˜sp = Nf
Nf + 4 , (18)
where c′sp and ˜csp are two new coefficients of the sphaleron conversion, a derivation of (18) is in 
Appendix B. Below the vL scale, all kinds of the asymmetries in the B + B˜ and L˜ sectors will 
be kept at all time, but the L sector is not like that because U(1)L is broken at the energy scale 
vs ∼ 100 GeV. After this, the heavy Majorana neutrino νR and the light one νL are active in the 
L sector.
In the above evolution, the below reactions play key roles,
e˜− + e˜+ −→ γ + γ, e˜−R + π˜ + −→ ν˜ 0R + γ,
e˜−R + p˜+ −→ ν˜ 0R + n˜ 0
(
oscillate into n0
)
,
ν˜L + ν˜L −→ S˜ + S˜∗, ν˜R2,3 −→ ν˜R1 + γ,
νR + νR −→ SI + SI , νR −→ νL + e + e, SR −→ νR + νR. (19)
Firstly, the heavier mirror baryons can oscillate into the lighter SM baryons due to the mixings 
between the mirror quarks and the SM quarks. This will eventually lead to the B˜ asymmetry 
disappearing. Secondly, the symmetric parts of ˜e− and ˜e+ annihilate into photons, while their 
asymmetric parts convert into the mirror neutrino ˜νR via the reactions with π˜ + or p˜+. In par-
ticular, the stable mirror atoms cannot be formed precisely because of the third reaction in (19). 
Consequently, all of the mirror baryons, mirror charged leptons and mirror atoms cannot survive 
in the present universe. Thirdly, the symmetric parts of ν˜ and ν˜ annihilate into Goldstone bo-
son pairs of S˜ and S˜∗, and the heavier ˜ν2,3 are radiative decay into the lightest ˜ν1, see Fig. 2. 
Thus only the stable ν˜1 survives in the asymmetric parts of ν˜, it eventually becomes the cold 
dark matter in the present universe. Lastly, the two special particles νR and SR in the SM sector 
(of course both of them are not the well-known SM particles) completely annihilate and decay 
via the third line processes in (19), so they have no relics in the present universe. Finally, the 
light Majorana neutrino νL and the massless Goldstone bosons SI , ˜S are evidently relativistic 
decoupling, therefore, they become the hot dark matter in the present universe.
There is no doubt that ˜ν1 is non-relativistic decoupling. Its freeze temperature is determined 
by the annihilation cross-section σ (˜ν1 + ν˜1 −→ S˜ + S˜∗) as follows,
σvr = (Y
∗
m11Ym11)
2
16πm2ν˜1
(
1 − v2)(−5 + v2 + 3 − v2
v
ln
1 + v
1 − v
)
,
〈σvr〉nν˜1(Tν˜1) = H(Tν˜1) =
1.66√g∗ T 2ν˜1
Mpl
⇒
mν˜1 ≈ 36 + ln (Ym11Y
∗
m11)
2
, (20)Tν˜1 mν˜1(GeV)
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where vr is the relative velocity of ˜ν1 and ˜ν1, and v is the ˜ν1 velocity in the center-of-mass frame. 
The heat average can be calculated by 〈σvr〉 ≈ a + b〈v2〉 = a + b 3T˜ν1mν˜1 where Tν˜1 is the freeze 
temperature. For Ym ∼ 0.1 and mν˜1 ∼ 1 GeV, one can estimate mν˜1T˜ν1 ≈ 27. At this freeze tem-
perature, the relativistic particles include the first generation fermions u, d, e, three generations 
of the light Majorana neutrinos νL, the Goldstone bosons SI , ˜S, and photon. Therefore, g∗ in 
(20) should be input by g∗ = 34.75. After ˜ν1 decoupling, the symmetric parts of ˜ν1 have been 
exhausted owing to its large annihilation cross-section, only its asymmetric parts survive in the 
present universe. Finally, it should be noted that Tν˜1 is also the decoupling temperature of ˜S, and 
the S˜ asymmetry does no change before and after it decoupling.
To sum up, the current universe matters consist of the photon, baryon, electron, the light 
Majorana neutrino νL and massless Goldstone bosons SI , ˜S which are the hot dark matter, and 
the mirror Dirac neutrino ˜ν1 which is the cold dark matter. On account of these matters having 
a common origin, today their asymmetries and relic abundance have some essential relations as 
follows,
Btoday = (B + B˜)T=vL, (L˜ν˜1)today = (L˜ν˜)T=vL, (L˜S˜)today = (L˜S˜)T=vL,
ηB = 7.04Btoday, η˜ν1 =
(
nν˜1 − nν˜1
nγ
)
= 7.04(L˜ν˜1)today,
ηS˜ = 7.04(L˜S˜)today ⇒
η˜ν1
ηB
= c˜sp
c′sp
≈ 1.6, ηS˜
ηB
= 1 − c˜sp
c′sp
≈ 2.2, Ων˜1
ΩB
= mν˜1 η˜ν1
mp ηB
≈ 5 ⇒
mν˜1
mp
≈ 3.1, ΩS˜
Ωγ
= gS˜T
4
S˜
gγ T 4γ
=
(
2
31.75
) 4
3 ≈ 0.025, (21)
where 7.04 is a ratio of the entropy density s to the photon number density nγ . In addition, ΩSI is 
smaller than ΩS˜ because the decoupling temperature of SI is higher than one of ˜S. However, ΩS˜
and ΩSI are much smaller in comparison with ΩνL ≈ 1.7 ×10−3 and Ωγ ≈ 5 ×10−5. In view of 
their same origin, ηB and η˜ν1 have a close size, moreover, they are essentially a complementary 
relationship. At present days, ηB has been measured, but ην˜ hides itself and eludes all kinds 1
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interesting and important predictions of the model. They surely provide a clear guide for the 
future experimental search.
Through the above mechanism, the universe has eventually evolved into the final state with 
both baryon asymmetry and dark matter asymmetry from the initial state with the matter–
antimatter symmetry, and it is separated into the visible sector and the dark one. The later 
numerical results will demonstrate that the model is indeed successful.
4. Numerical results
In this section I present the model numerical results. In the light of the foregoing discussions, 
the model contains a lot of the new parameters besides the SM ones. In principle the SM pa-
rameters have been fixed by the experimental data, but the non-SM parameters have yet large 
freedoms. In fact, there are not many non-SM parameters involved in the numerical calculations. 
The gauge sector parameters are the two gauge couplings gw and gY . In view of the relevant 
relations in (10), I can use the mixing angle θ˜ as a substitute for gY , furthermore, gw and tan θ˜
are determined by e and sin θW , which have precisely been measured by the electroweak physics. 
The scalar sector parameters include the two couplings λH , λs , the three VEVs vL, vR, vs , and 
the three mass parameters Mφ0, Mφ± , μ0. Among which, λH and vL are determined by the SM 
physics. A reasonable value of λs should be around 0.1. vR ∼ 108 GeV and vs ∼ 100 GeV are 
suitable based on the model consistency and experimental limits. Mφ0, Mφ± ∼ 1010 GeV can 
satisfy the out-of-equilibrium condition and baryon asymmetry. Finally, μ0 ∼ 103 GeV leads 
to vφ ∼ 0.1 GeV from (9), this meets multiple requirements of the model. Based on an overall 
consideration, a set of suitable and typical values of the gauge and scalar parameters are chosen 
as
gw = 0.654, sin θ˜ = 0.534, λH = 0.13, λs = 0.1,
vL = 246 GeV, vR = 2 × 108 GeV, vs = 100 GeV,
Mφ0 = Mφ± = 1 × 1010 GeV, μ0 = 1 × 103 GeV. (22)
Now putting (22) into the relevant equations in (9) and (10), the gauge and scalar boson masses 
are straightforwardly calculated as follows (in the GeV units),
MWL = 80.4, MZ = 91.2, MWR = 6.5 × 107, MZ˜ = 7.7 × 107,
MSR = 44.7, MHL = 126, MHR = 1.0 × 108. (23)
MWR , MZ˜ and MHR are dominated by vR , while MSR is affected by vs . Although the neutral 
boson SR is lighter than the SM Higgs boson HL, it will be difficult to detect it because SR has 
hardly any interactions with the SM particles.
The model Yukawa sector contains a great deal of the flavor parameters. However, I can 
choose such a set of flavor basis that Ye, Ym, Y1, Y2 are all real diagonal. Ye is determined by Me. 
Since the flavor structures of Ym, Y1, Y2 are as yet unknown, all of them are taken as constant 
unit matrices for simplicity. For the same reason, the complex coupling Y0 is set as a complex 
constant unit matrix. Thus, the non-diagonal coupling Yν can be given by the lepton mixing 
matrix UPMNS and three real diagonal parameters, see the below. The Yukawa sector parameters 
are typically chosen as follows,
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while the other parameters are fixed by (22) and (24).
Y1 = Y2 = 10−4 × I, Y0 =
(
3.5 × 10−3 × e−iϕ)× I, ϕ = 0.131π,
Ym = 0.1 × I, Me = diag(me,mμ,mτ ), Yν = UPMNS diag(y1, y2, y3)UTPMNS,
y1 = 0.203 × 10−7, y2 = 0.64 × 10−7, y3 = 1.52 × 10−7,
sin θ12 = 0.558, sin θ23 = 0.7, sin θ13 = 0.158, δl = 0. (24)
Y1 and Y2 are limited by the out-of-equilibrium condition (12). The absolute value and complex 
phase of Y0 are in charge of the baryon asymmetry, so their values are obtained by fitting ηB . 
Ym ∼ 0.1 is very reasonable in the light of (20). y1, y2, y3 are determined by fitting the masses 
of the cold dark matter ˜ν1 and the light neutrinos νL. By use of (11), all masses of the mirror 
leptons and Majorana neutrinos are obtained as follows,
me˜1 = 415 GeV, me˜2 = 8.6 × 104 GeV, me˜3 = 1.4 × 106 GeV,
mν˜1 = 2.87 GeV, mν˜2 = 9.05 GeV, mν˜3 = 21.5 GeV,
mνL1 = 0.049 eV, mνL2 = 0.0088 eV, mνL3 = 0.00088 eV,
mνRi = 14.1 GeV, m221 = 7.6 × 10−5 eV2, m232 = 2.37 × 10−3 eV2, (25)
where m221 and m
2
32 are the two mass-squared differences of the light Majorana neutrinos. 
In addition, one can obtain Tν˜1 ≈ 100 MeV from (20). By use of (12), (13), (16), (18) and (21), 
finally the baryon asymmetry and the relic abundance of the cold dark matter ˜ν1 are calculated 
as
Γ (φ0 → uR + u˜L)
H(T = Mφ0)
= 0.03, ηB = 6.15 × 10−10, Ων˜1
ΩB
= 5. (26)
The above first equation clearly shows that the φ0 decay is indeed out-of-equilibrium. The results 
in (26) are precisely the current data of the universe observations [36].
Fig. 3 draws ηB subjecting to ϕ for the three values of |Y0| = (3.1 × 10−3, 3.5 × 10−3, 4 ×
10−3), while the other parameters are fixed by (22) and (24). The left intersection of curve II and 
the horizontal baseline of ηB = 6.15 × 10−10 exactly corresponds to the values of |Y0| and ϕ in 
(24). It can be seen from Fig. 3 that a reasonable region of |Y0| should be ∼ (3 ×10−3–4 ×10−3)
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for a moderate ϕ. In brief, all the numerical results are naturally produced without any fine tuning. 
They have clearly demonstrated the main ideas of the model.
In the end, I give a brief discussion about searching the new particles ˜e, ˜ν, νR, S, ˜S. On the 
basis of the model interactions, Fig. 4 draws some feasible production processes at the LHC 
[37]. The diagram (a) illustrates the pair production of ˜e or ˜ν by the proton–proton collisions, of 
course, its cross-section for ˜ν is too tiny to be identified. The diagram (b) can produce a pair of S
or S˜, but these cross-sections are tiny due to S, ˜S having very weak coupling to HL. In addition, 
HL can decay into νL and νR , but it is also very difficult to find νR on account of Yν ∼ 10−7. 
The best efficient methods to test the model are of course by the lepton–antilepton collision at 
the ILC. The main processes are
e− + e+ −→ γ −→ e˜− + e˜+, e− + e+ −→ Z˜ −→ ν˜ + ν˜,
e− + e+ −→ HL −→ νL + νR, HL −→
(
S + S∗)/(S˜ + S˜∗). (27)
In particular, the loss of energy in the processes should be regarded as definitive signals of the 
cold dark matter neutrino ν˜1 or the hot dark matter Goldstone bosons S˜, SI . As long as the 
luminance and running time are enough large, the non-SM particles e˜, νR, SR are possible to 
be discovered. Although all of the searches are large challenges for the future experiments, the 
model is feasible and promising to be tested in the near future.
5. Conclusions
In the paper, I suggest the left–right mirror symmetric theory to account for the baryogene-
sis and asymmetric dark matter. The model has the left–right symmetric gauge groups and the 
global symmetry U(1)B+B˜ ⊗ U(1)L ⊗ U(1)L˜, in addition, the mirror and Z2 discrete symme-
tries. The decays of the super-heavy scalar φ0 are the CP violation and out-of-equilibrium. The 
CP-violating source is the explicit mirror breaking coupling in the Yukawa sector. Through the 
two steps of the left–right mirror symmetric and asymmetric sphaleron processes, this eventually 
leads to both the baryon asymmetry and the cold dark matter neutrino asymmetry. The model 
cannot only naturally accommodate the SM and neutrino physics, but also simply and elegantly 
account for the matter–antimatter asymmetry and dark matter nature, in particular, the both close 
interrelations are showed. The model gives a number of interesting and important predictions, for 
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is 3.1 times the proton mass, and so on. Finally, the model is feasible and promising to be tested 
in future experiments. Some non-SM particles in the model will possibly be discovered in near 
future. However, all these efforts will increase our understanding to the mysteries of the universe.
Acknowledgements
I would like to thank my wife for her large help. I also thank R.N. Mohapatra and Hong-Jian 
He for their useful comments. The manuscript is improved due to their help. This research is 
supported by Chinese Universities Scientific Fund under Grant No. WK2030030004.
Appendix A
In a hot and weakly coupled plasma, the asymmetry in the particle and antiparticle number 
densities is given by its chemical potential. Under the model gauge groups SU(3)C ⊗ SU(2)L ⊗
SU(2)R ⊗ U(1)Y , all kinds of the baryon and lepton asymmetries in the SM and mirror sectors 
are listed as follows,
ni − ni
s
= g0 μi
T
×
(
1 → fermion
2 → boson
)
, g0 = 45ns12π2g∗ , ns is helicity state number,
BqL = 2
(
3 × 1
3
) Nf∑
i
nqLi − nqLi
s
= 2g0
Nf∑
i
μqLi
T
, B˜q˜R = 2g0
Nf∑
i
μq˜Ri
T
,
BuR = g0
Nf∑
i
μuRi
T
, B˜u˜L = g0
Nf∑
i
μu˜Li
T
,
BdR = g0
Nf∑
i
μdRi
T
, B˜d˜L = g0
Nf∑
i
μd˜Li
T
,
LlL = 2g0
Nf∑
i
μlLi
T
, L˜˜lR = 2g0
Nf∑
i
μ˜lRi
T
,
LeR = g0
Nf∑
i
μeRi
T
, L˜e˜L = g0
Nf∑
i
μe˜Li
T
,
LνR = g0
Nf∑
i
μνRi
T
, L˜ν˜L = g0
Nf∑
i
μν˜Li
T
,
LS = (−4)g0 μS
T
, L˜S˜ = (−4)g0
μS˜
T
, (28)
where S, ˜S have (−2) lepton numbers. After φ0 decaying and decoupling, the SM sector and 
the mirror one are separated from each other. The particles in the SM sector are in the thermal 
reaction equilibrium via the gauge and Yukawa couplings, and the non-perturbative sphaleron 
processes. There are complete counterparts in the mirror sector in view of the left–right mirror 
symmetry. Therefore, there hold the following relations between the various chemical potentials,
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i
(3μqLi +μlLi ) = 0,
Nf∑
i
(3μq˜Ri + μ˜lRi ) = 0,
μqLi −μuRj +μHL = 0, μq˜Ri −μu˜Lj +μHR = 0,
μqLi −μdRj −μHL = 0, μq˜Ri −μd˜Lj −μHR = 0,
μlLi −μeRj −μHL = 0, μ˜lRi −μe˜Lj −μHR = 0,
μlLi −μνRj +μHL = 0, μ˜lRi −μν˜Lj +μHR = 0,
μνRi +μνRj +μS = 0, μν˜Li +μν˜Lj +μS˜ = 0,
Nf∑
i
(
μqLi −μlLi + 2μuRi −μdRi −μeRi +
2
Nf
μHL
)
= 0,
Nf∑
i
(
μq˜Ri − μ˜lRi + 2μu˜Li −μd˜Li −μe˜Li +
2
Nf
μHR
)
= 0,
μqLi ≡ μqL, μlLi ≡ μlL, μuRi ≡ μuR , etc., (29)
where the last three lines are hypercharge constrains and generation equilibriums. The chemical 
potentials can be expressed in terms of μlL, μ˜lR as follows,
μqL = −
1
3
μlL, μq˜R = −
1
3
μ˜lR ,
μuR =
2Nf − 1
6Nf + 3μlL, μu˜L =
2Nf − 1
6Nf + 3 μ˜lR ,
μdR = −
6Nf + 1
6Nf + 3μlL, μd˜L = −
6Nf + 1
6Nf + 3 μ˜lR ,
μeR =
2Nf + 3
6Nf + 3μlL, μe˜L =
2Nf + 3
6Nf + 3 μ˜lR ,
μνR =
10Nf + 3
6Nf + 3 μlL, μν˜L =
10Nf + 3
6Nf + 3 μ˜lR ,
μHL =
4Nf
6Nf + 3μlL, μHR =
4Nf
6Nf + 3 μ˜lR ,
μS = −20Nf + 66Nf + 3 μlL, μS˜ = −
20Nf + 6
6Nf + 3 μ˜lR . (30)
Finally this yields the following relations of the baryon and lepton asymmetries,
B = BqL +BuR +BdR =
−4
3
Nf g0
μlL
T
, B˜ = B˜q˜R + B˜u˜L + B˜d˜L =
−4
3
Nf g0
μ˜lR
T
,
L = LlL +LeR +LνR +LS =
24N2f + 92Nf + 24
Nf (6Nf + 3) Nf g0
μlL
T
,
L˜ = L˜˜lR + L˜e˜L + L˜ν˜L + L˜S˜ =
24N2f + 92Nf + 24
Nf (6Nf + 3) Nf g0
μ˜lR
T
⇒
B = csp(B −L), B˜ = csp(B˜ − L˜),
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csp =
2N2f +Nf
8N2f + 24Nf + 6
= 7
50
(for Nf = 3). (31)
Appendix B
After SU(2)L ⊗ SU(2)R ⊗U(1)Y → SU(2)L ⊗U(1)Y ′ , the left–right mirror symmetry is lost 
and the right-handed sphaleron process is vanishing. Now the mixing between the B sector and 
the B˜ one appears via the vφ terms, but there is no mixing between the L sector and the L˜ one. 
Therefore, the relevant thermal reaction equilibriums are changed as follows,
Nf∑
i
(3μqLi +μlLi ) = 0,
μqLi −μuRj +μHL = 0, μu˜Ri = μu˜Lj = μuRk ,
μqLi −μdRj −μHL = 0, μd˜Ri = μd˜Lj = μdRk ,
μlLi −μeRj −μHL = 0, μe˜Ri = μe˜Lj ,
μlLi −μνRj +μHL = 0, μν˜Ri = μν˜Lj ,
μνRi +μνRj +μS = 0, μν˜Li +μν˜Lj +μS˜ = 0,
Nf∑
i
[
μqLi −μlLi + 2(μuRi +μu˜Ri +μu˜Li )
− (μdRi +μd˜Ri +μd˜Li )−μeRi +
2
Nf
μHL
]
= 0,
Nf∑
i
[
0(μν˜Ri +μν˜Li )− 2(μe˜Ri +μe˜Li )
]= 0,
μqLi ≡ μqL, μlLi ≡ μlL, μuRi ≡ μuR , etc. (32)
In terms of μlL, μν˜R , the chemical potentials are expressed as
μqL = −
1
3
μlL,
μuR = −
1
15Nf + 3μlL = μu˜R = μu˜L,
μdR = −
10Nf + 1
15Nf + 3μlL = μd˜R = μd˜L,
μeR =
10Nf + 3
15Nf + 3μlL, μe˜R = μe˜L = 0,
μνR =
20Nf + 3
15Nf + 3μlL, μν˜R = μν˜L = −
1
2
μS˜,
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5Nf
15Nf + 3μlL,
μS = −40Nf + 615Nf + 3μlL. (33)
Thus, the baryon and lepton asymmetries are given by the following relations,
B + B˜ = (BqL +BuR +BdR)+ (B˜u˜R + B˜d˜R + B˜u˜L + B˜d˜L) =
−8
3
Nf g0
μlL
T
,
L = LlL +LeR +LνR +LS =
60N2f + 172Nf + 24
Nf (15Nf + 3) Nf g0
μlL
T
,
L˜ = L˜ν˜R + L˜e˜R + L˜e˜L + L˜ν˜L + L˜S˜ =
2Nf + 8
Nf
Nf g0
μν˜R
T
⇒
B + B˜ = c′sp(B + B˜ −L), L =
(
c′sp − 1
)
(B + B˜ −L),
L˜e˜ = L˜e˜R + L˜e˜L = 0, L˜ν˜ = L˜ν˜R + L˜ν˜L = c˜spL˜, L˜S˜ = (1 − c˜sp)L˜,
c′sp =
10N2f + 2Nf
25N2f + 45Nf + 6
= 16
61
(for Nf = 3), c˜sp = Nf
Nf + 4 . (34)
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